Spin-transfer torque magnetic random access memory (STT-MRAM) is considered one of the most promising non-volatile memory candidates thanks to its excellent performance in terms of access speed, endurance, and compatibility to CMOS. However, high power supply voltage is required in the conventional STT-MRAM writing circuit, which results in high power consumption (e.g.,∼10 pJ/bit). In addition, it suffers from stochastic switching behavior and process voltage temperature variations. These make power-efficient and reliable write/read circuits become critical challenges. In this paper, we present novel circuits and architectures to build a 16 kb STT-MRAM design with low power and high reliability. For example, the self-enable switching scheme reduces the power consumption effectively and the fore-placed sense amplifier improves the robustness to process variation. Using an accurate compact model of 65 nm STT-MRAM and a commercial CMOS design kit, mixed transient and statistical simulations have been performed to validate this design.
I. INTRODUCTION
R ECENTLY, magnetic random access memory (MRAM) is considered one of the most promising candidates to build up universal memory. It has many advantages, such as non-volatility, fast read/write speed, unlimited endurance, and compatibility to CMOS [1] - [3] . As shown in Fig. 1(a) , MRAM storage element consists of one magnetic tunnel junction (MTJ) nanopillar and one word selection transistor driven by one word line. An MTJ acts as a resistor with low (R P ) or high (R AP ) value depending on the relative magnetization of the two ferromagnetic layers, either parallel or antiparallel. These low or high resistances allow it to be used as non-volatile binary storage. The tunneling magnetoresistance (TMR) = (R AP R P )/R P characterizes the amplitude of this resistance change, while the resistance area (RA) product, based on R P , characterizes the resistivity of the tunnel barrier. In practical samples used for MRAM, MgO is used for the tunnel barrier [1] - [6] and the TMR rises up to 200% for RA between 5 and 30 · μm 2 .
The conventional MRAM switching approach, which is based on inductive magnetic field writing with currents greater than 10 mA, is the first generation of MRAM [4] , [5] , which faces a severe limitation that the MTJ needs a higher current (>10 mA) to reverse the magnetization of free layer with the scaling down size. This causes many problems, such as increasing power dissipation, low storage density, low reliability, and so on. An MTJ is composed of two ferromagnetic layers (e.g., CoFeB) separated by a thin oxide barrier (e.g., MgO). (b) Magnetization direction of one ferromagnetic layer is pinned, while that of the other layer is free to take two directions for binary storage.
Spin-transfer torque MRAM (STT-MRAM) builds up the second generation of MRAM [5] , [6] . Using STT mechanism, a low bidirectional current (I write ) passing through the MTJ can switch its configuration. Here, I write is larger than the switch threshold current (I c ) [1] , [2] . The reading operation of STT-MRAM is to pass low current (I read ) to detect the resistance difference between R AP and R P, and then to compare with the current (I readref ) passing through the reference cell [7] , [8] , as shown in Fig. 1(b) . Unfortunately, the read current flowing through the MTJ (I read ) can switch the MTJ state by thermal activation, which can be described by the Néel-Brown model shown in (1)-(3) [9] . This is a critical issue in the use of in-plane magnetic anisotropy with low thermal activation energy E. Using the perpendicular magnetic anisotropy (PMA) MTJ with high E, this read disturbance 0018-9464 © 2013 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
behavior can be decreased [7] , [8] , [10] , [11] . Moreover, the PMA MTJ remains high TMR ratio, fast write/read speed and low threshold current because of the small damping factor of the MTJ storage layer.
where Pr is the switching probability, Duration is the drive pulse duration, τ 0 ≈ 1 ns is an attempt period, E is the thermal activation energy, which determines the thermal stability of MTJ, μ 0 is permeability in free space, M S is the saturation magnetization, H K is the anisotropy field, and V is the volume of the free layer. STT-MRAM can overcome the scaling limitation of the conventional MRAM [4] . Many STT-MRAM test chips have been fabricated to prove the advantages of STT-MRAM [11] - [14] . However, in the conventional STT-MRAM writing circuit, high power supply voltage is needed to ensure the desired data to be stored correctly [8] , [12] . This high power supply voltage results in high writing power consumption. On the other hand, STT-MRAM suffers from stochastic switching behavior [15] - [19] , which may lead to erroneous switching of storage cells and low reliability. In this paper, we present novel write/read circuits and architecture to build a 16 kb STT-MRAM design with low power and high reliability. This circuit can be used as a basic page to build up higher density memory chips (e.g., 16 Mb).
This paper is organized as follows. Section II compares the performance of different architectures of STT-MRAM. Section III presents three novel structures to reduce power consumption and to improve reliability, including the writing circuit with low supply voltage, the self-enable switching scheme, and the reading circuit with fore-placed precharge sense amplifier (SA). Section IV reports mixed simulation results. Finally, the conclusion is provided in Section V.
II. CIRCUIT STRUCTURE FORSTT-MRAM
STT-MRAM mainly consists of memory cell array and peripheral circuits [4] , as shown in Fig. 2(a) . The 16 kb STT-MRAM can be arranged into 256 rows by 64 columns array, and every word has 16 bits. The writing/reading operation is driven by control circuit. The decoders of word and bit/source line are used to select active storage cells. The write driver provides a bidirectional current passing through MTJ. SA is used to sense the storage data in MTJ (i.e., R AP or R P ). Fig. 2 shows three different structures of STT-MRAM cell array. These structures present different performances in terms of power, area, and reliability. As shown in Fig. 2(a) , one storage bit is represented by a couple of complementary MTJs. Fast speed and good sensing reliability can be obtained benefiting from the complementary storage, which allows the maximum sensing margin to be used for data sensing. However, the complementary MTJs both need driving circuit to program, which result in further area overhead and low power-efficient writing operation. Fig. 2(b) shows the second cell array structure, in which, one storage bit is represented by one MTJ, and every storage cell has one reference cell. In this structure, only one MTJ of every storage bit needs to be programmed in each storage bit, which brings small area and low power. Moreover, sensing reliability is still high since each MTJ for storage has one reference MTJ. However, its drawback is that the cell array area is large. Fig. 2 (c) shows another cell array structure in which not only one storage bit is still represented by one MTJ, but also every column storage cells share one reference cell. This specific cell array structure reduces cell array area. However, the sensing reliability is limited because the parasitic resistances of the storage cell and reference cell branch are asymmetric. If the length, width, and sheet_res of the interlink metal are known, the difference of parasitic resistance will be calculated according to the expression R = sheet_res × length/width. For CMOS 130 nm technology, the sheet_res of the metal line is ∼0.057 , and the minimum metal width is 0.13 μm. If the difference of the interlink metal length is 0.5 mm, which is long enough for one cell array, the difference of parasitic resistance is only 219 . According to [8] , the R P of MTJ is ∼3000 and the TMR is 0.6 at worst case. The sum of R P and the difference of parasitic resistance of two branches can be calculated, at ∼3219 , which is far less than R AP (∼4800 ). Therefore, the sensing reliability reduction can be nearly negligible.
III. NOVEL CIRCUITS PROPOSED FORSTT-MRAM
To reduce the write power consumption and improve the STT-MRAM reliability, this paper explores several novel circuits: the writing circuit with low supply voltage, the selfenable switching circuit, and the fore-placed SA scheme.
A. Writing Circuit With Low Supply Voltage
As described previously, the write driver provides a bidirectional current passing through MTJ. Depending on the direction of the writing current, the magnetization of the free layer can be changed either parallel or antiparallel to that of the pinned layer, then data 0 or 1 will be stored into MTJs [3] , [4] . The switching model can be described by (4) and (5) [8] . According to this model, the average switching time t will become shorter if the I write becomes larger, and the switching probability of MTJ with large writing current will be high for a fixed write pulsewidth
where α is the magnetic damping constant, γ is the gyromagnetic ratio, e is the elementary charge, k B is Boltzmann constant, t is the average switching time, and P is the spin polarization. The dynamic power consumption (P dynamic ) in writing operation can be computed by (6) . If we do not consider the writing frequency ( f operation ), we can obtain the energy of each switching operation (E operation ), as described by (7)
where V D is the writing voltage, T is the write-enable pulse duration, I write (t) is the current passing through MTJ. During the write-enable pulse, I write value is different before and after the MTJ state is reversed. The conventional STT writing circuit is shown in Fig. 3 [4] . The W-enable signal controls the writing current to flow through the MTJ or not. Transistors (N1-N4) controlled by W-enable and En-read signals are used to avoid the interference between write/sense currents. Transistors (N5 and N6) controlled by column-s are used to select one column. The I write value depends deeply on both the transistor resistance and the supply voltage of the writing branch. All the column selected transistors and other transistors controlled by W-enable are in the writing branch, which make total resistance high. With (4) and (5), one low I write needs long switching time to ensure the desired data to be stored correctly, which lower the write speed of STT-MRAM. Using higher write current is a possible solution. To generate a high write current, it is necessary to decrease the resistance and increase the supply voltage value of writing branch. Therefore, the column selected logic composed of parallel connection of pMOS and nMOS with bigger size is used to obtain smaller resistance, and one high supply voltage (V dda) in writing branch is used to generate a higher current, where V dda (e.g., V dda = 1.8 V) is higher than the logic voltage V dd (e.g., V dd = 1.2 V). Using (7) and the data given in [4] , the calculated switching energy of one switching operation is up to 36 pJ/bit, which makes the writing power consumption high.
To decrease power consumption, we propose a writing circuit with low supply voltage, as shown in Fig. 4 . Unlike the conventional writing circuit, different column selected gates are used, respectively, in the writing and reading operations. In writing mode, transistors (N1 and N2) are controlled by the AND logic of column-s and W-enable. These transistors not only isolate writing from reading, but also implement selecting one column. Thereby, transistors number of the writing branch is reduced, which makes the resistance of the writing branch small. In addition, the critical current density of the model is ∼3 × 10 6 A/cm 2 [16] , which makes write current as small as 100 μA in small size MTJ (e.g., 65 × 65 nm 2 ). Therefore, using the writing supply voltage as low as the logic voltage V dd, we still can obtain the same writing current value and switching time as those of the conventional writing circuit shown in Fig. 3 . Due to the lower supply voltage of writing branch and the almost same switching current and time, the power consumption will be significantly decreased according to (6) .
In the reading branch, there are also column selected transistors (N3 and N4). As these transistors are used to select one column, their size can be small, which makes total resistance large and reading current low. According to (1)-(3), this low reading current can reduce significantly the read disturbance probability [20] , [21] . The added logic increases the number of transistors in the proposed circuit. However, the total area is not larger than that of the conventional circuit, as the transistor size in the conventional circuit is larger to obtain small resistance in the writing circuit.
B. Self-Enable Switching Circuit
To further reduce write power consumption and improve STT-MRAM reliability, self-enable switching circuit can be adopted in STT-MRAM designing. Although the speed of STT switching has been proved as fast as subnanosecond, the STT switching is stochastic and some input data could not be stored correctly during one limited writing pulse [15] , [17] . The most popular solutions to solve this problem are to extend the writing pulse duration or to increase I write value, which result in slow speed, high power consumption, and short lifetime of MTJ. Profiting from the stochastic switching, the self-enable switching circuit provided by [17] can overcome both the power and reliability problems of classical circuits. Fig. 5 (a) and (b) shows, respectively, the improved selfenable switching circuit and the operation timing. The MTJ state can be switched just after one short write pulse for stochastic switching [15] , as shown in Fig. 5(b) . Therefore, the fixed long W-enable signal in the conventional switching shown in Fig. 3 or 4 can be replaced by one short write pulse AND signal [i.e., the AND of W-enable and self-enable shown in Fig. 5(a) ]. This short write pulse includes both switching and sensing operations. When the external W-enable signal of STT-MRAM is active, the SA detects the MTJ state and outputs the logic output data under the control of the short periodic duration sense signal. Then, the output data are taken to compare with the input data. Depending on this comparison result, a self-enable logic level is obtained (i.e., 1 or 0, when output and input data are different or same, respectively). In addition, switching numbers of MTJ could be reduced because the MTJ state needs not to be changed if input data are same with the output data of fore-stage. Then, self-enable signal is 0 and no current flows through the MTJ. Thereby, both the power-efficient write and the whole lifetime of MTJ can be greatly improved because of the shortened switching duration and the reduced switching number [17] , [23] , [24] .
With the self-enable switching circuit provided by [17] , we add a DELAY logic to adapt to STT-MRAM circuit, as shown in Fig. 5(a) . When input data 0 is different from output data 1, the self-enable signal will be 1. This output data are the output of SA precharged. Then, the En-read signal will be low level if there is no delay logic. As a result, the sensing operation could not be worked and the writing operation could not be stopped. The added DELAY logic can overcome this issue. This DELAY logic is used to get enough time to sense the MTJ state after the sense signal becomes 1 every time. The time delay and area overhead depend on the speed of the SA.
To further reduce power and area consumption, the precharge methodology SA with high speed and low power is adopted in [18] , [19] , and [22] .
C. Fore-Placed SA
According to [12] , [17] , and [18] , the sensing operation suffers from high sensitivity to process voltage temperature variations. Although the writing circuit with low supply voltage could further decrease power and area consumption, the Monte Carlo statistical analysis of sensing output is worse due to the high resistance in sensing circuit. To improve the reliability of reading circuit, we propose another novel circuit, as shown in Fig. 6 .
The major difference between the proposed and the conventional sensing structures is the location of a column selected transistor in reading operation. The column selected transistor is shifted to the post of SA, and the output of SA is outputted by the column selected transistor. The reduction of transistor number in sensing circuit decreases the sensitivity to process variations. Unfortunately, each column of cell array needs one SA, which results in area overhead. For the 16 kb STT-MRAM with 256 rows and 64 columns array, the area overhead is ∼33 μm 2 , which is 10% of the storage array. This area overhead can be negligible because the sensing circuit is often widely shared by many elements of memory array.
IV. MIXED SIMULATION RESULTS
Using an accurate 65 nm STT-MTJ compact model [8] and a commercial CMOS design kit with nominal V dd of 1.2 V, hybrid simulations and calculations have been performed for those circuits. Compared with conventional circuits, the simulation results of the proposed circuit exhibit better performance.
The MTJ compact model integrates physical models and a number of experimental parameters presented in [8] (see Table I ). For temperature T has an very important impact on data retention [8] , T is a value randomly drawn from a uniform distribution between −25°C and 75°C in our MTJ model to consider this temperature dependence effect. Considering the impact of temperature on data retention, the switching time of a memory cell will be ∼9 ns as the critical current is 75 μA. Fig. 7 shows the transient simulations of writing circuit with high and low supply voltages. If W-enable is activated, input data will begin to be written. As shown in Fig. 7(e) and (h), at ∼200 ns, the state of MTJs in the writing circuits Fig. 7(c) and (f) , respectively]. During one W-enable signal pulse 45 ns (from 180 to 225 ns shown in Fig. 7) , the switching energy of one switching operation can be calculated using (7), which are 4.0 pJ/bit in the writing circuit with low supply voltage and 6.0 pJ/bit in the conventional writing circuit, respectively. Therefore, the switching energy of every bit of the writing circuit with low supply voltage can save energy up to 33%. Fig. 8 shows the transient simulations of self-enable and conventional switching circuits. In the conventional switching circuit, if W-enable signal is activated, input data will begin to be written without considering that the input is same or and 225 ns shows the case of the self-enable switching circuit. During W-enable signal pulse, the writing operation is not activated and I write value is almost zero [see Fig. 8(e) ] when the input is same with the output (e.g., at 185 ns). When the input is different from the output (e.g., at 200 ns), the writing operation is activated and I write value is almost 75 μA [see Fig. 8(g) ]. Fig. 8(g ) also shows the case that after the MTJ state is reversed (e.g., at 214 ns), the output sensed is same with the input, which makes self-enable becomes 0. Thereby, the writing operation is stopped. During a W-enable signal pulse, the switching energy of one switching operation can be calculated using (7), which are 1.5 pJ/bit of the self-enable switching circuit and 4.0 pJ/bit of the conventional writing circuit, respectively. The switching energy of every bit of self-enable switching circuit can save energy up to 62%. Fig. 9 shows the different reading error rates of the reading circuits with different locations of SA, according to different TMR ratios through Monte Carlo simulation. To reduce the reading error rate, a large TMR is required [22] , which can reach up 604% at the room temperature in laboratory devices [25] . Thus, the simulations are performed by changing the value of TMR ratio. When the TMR is fixed to 1.5, the reading error rates of the post-and the fore-placed SA are 13% and 0.6%, respectively. Therefore, if the reading circuit with foreplaced SA is adopted, the sensitivity to process variations will be reduced rapidly for the increased sensing current. As a result, the reading circuit with fore-placed SA is more suitable for high-reliable STT-MRAM. consisting of c1 and c2. To validate the function of column selecting clearly, here, each column just has one storage cell, i.e., MTJ-c1 and MTJ-c2. Before 200 ns, the c1 column is selected and the state of MTJ-c1 changed with the input data [see Fig. 10 
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V. CONCLUSION
In this paper, we presented some design solutions to reduce the power consumption and improve the reliability of STT-MRAM. The performance comparison based on the new design and theoretical calculations has been performed. Compared with the switching energy 6.0 pJ/bit of conventional writing circuit in [4] , the switching energy 4.0 pJ/bit of the writing circuit with low supply voltage can reduce the whole power consumption effectively. Combining this with the selfenable switching circuit benefiting from the stochastic switching, the switching energy of each bit is only 1.5 pJ/bit. This can save energy up to 62% of 4.0 pJ/bit of the conventional writing circuit without self-enable mechanism. Moreover, the reliability of STT-MRAM is improved efficiently because the lifetime of MTJ in self-enable switching circuit is greatly improved. In addition, the reading circuit with fore-placed SA improves the robustness to process variation. These novel circuits and architectures build a 16 kb STT-MRAM design with low power and high reliability. The combining of reliability improvement techniques and error correction code for STT-MRAM [26] is under development to achieve full memory functions.
